Objective: A systematic evaluation of neuropsychological functioning in individuals with pediatric bipolar disorder is necessary to clarify the types of cognitive deficits that are associated with acutely ill and euthymic phases of the disorder and the effects of medication on these deficits.
Pedi atric bipolar disorder exhibits significant and persistent functional disability associated with chronic course and poor interepisodic recovery (1) . Given the potentially different neurocognitive deficits that might be associated with acute illness and the recovery phase, it is important to determine if these deficits persist across illness states and to characterize functional disability after symptomatic recovery. This information has implications both for understanding the pathophysiology of the illness and also for educational planning for affected children. Most current knowledge about neurocognitive function in bipolar disorder is based on findings from adult studies indicating impairment in set shifting and sustaining attention, working memory, verbal memory, and executive function (2-7). There are several difficulties in inferring that neurocognitive function in adult bipolar disorder is similar to that found in pediatric bipolar disorder. First, neurocognitive capacity is constantly changing in the developing brain, so the impact of illness on functional brain systems can be different in children than in adults (8, 9) . Second, children with pediatric bipolar disorder are typically taking multiple medications, more so than adults (10) . Several of the mood stabilizers as well as other psychotropic medications, especially given in high doses, may influence cognitive function and/or cause sedation (11) . Third, the presence of a high rate of comorbid attention deficit hyperactivity disorder (ADHD) (12) in youth with pediatric bipolar disorder makes it difficult to identify deficits specific to pediatric bipolar disorder, especially given the cortical-striatal systems that are reported to underlie ADHD (13) (14) (15) (16) (17) are also implicated in bipolar disorder (4) .
Recently, several small studies have examined neurocognitive function in pediatric bipolar disorder (16) (17) (18) (19) (20) (21) . Central findings from these studies include impairment in attention (16, 17) , set shifting (16, 20) , visuospatial memory (16, 18) , processing speed and interference control (17) , verbal memory (17, 20, 21) , and abstract problem solving or executive function (17, 22) . Performance IQ with the WISC was reported to be lower in pediatric bipolar disorder than in ADHD, conduct disorder, and oppositional defiant disorder and similar to that seen in schizophrenia spectrum disorders (19) . Furthermore, in a prospective study of offspring who developed bipolar disorder, Meyer and colleagues (20) reported similar findings of lower performance IQ in patients with pediatric bipolar disorder than in unipolar depression. Overall, method-PAVULURI, SCHENKEL, ARYAL, ET AL.
ajp.psychiatryonline.org ological difficulties in these pioneering studies included small group sizes (18, 20) , failure to match groups on key variables, such as IQ (20, 21) , inclusion of subjects in heterogeneous clinical states (e.g., hypomanic, manic, euthymic, or depressed) (16-21), failure to account for possible effects of multiple medications (16) (17) (18) (19) (20) (21) , and failure to correct for multiple comparisons in statistical analyses (17) . None of the studies examined neurocognitive function with and without medication with the same battery in acutely ill and euthymic groups.
Acute illness status and medication effects are some of the key factors that can affect neurocognitive function. Some studies showed that the impairment in the manic state (22) (23) (24) was less than in euthymic adult bipolar disorder patients in the domains of visuospatial memory, executive function (5, 25) , and vigilance (26) . Improvement in cognition with symptom remission was not always found to be uniform across neuropsychological domains. For example, McGrath and colleagues (23) reported improvement on remission in executive function but not in the domains of attention, inhibition, and psychomotor speed. These findings suggest that some level of cognitive impairment remains after periods of acute illness (27). Additionally, when the effects of medication on neurocognitive function were the focus of studies, results are equivocal with both mood stabilizers and second-generation antipsychotics. Although some studies report improvement with specific medications in areas such as attention, working memory, and executive function (17) , not all studies indicate that. Furthermore, there is considerable complexity related to interpretation of results given the confounding role of comorbid disorders, length of treatment, and symptom status at the time of assessment.
Given the high incidence of ADHD comorbidity in pediatric bipolar disorder compared to adult bipolar disorder, several studies of pediatric bipolar disorder have addressed the role of comorbid ADHD on neurocognitive function. Dickstein and colleagues (16) reported that 57% of their pediatric bipolar disorder group had current ADHD. They did not detect differences in nonverbally based tests in pediatric bipolar disorder in individuals with and those without ADHD. McClure and colleagues (21) reported greater impairment of verbal memory in their pediatric bipolar disorder group that was comorbid with ADHD compared to those with pediatric bipolar disorder alone. Their report of a lack of impairment in verbal memory in subjects with pediatric bipolar disorder without ADHD (2-5) is in sharp contrast to adult studies of bipolar disorder that showed prominent impairment in memory function. In summary, despite methodological limitations and varied tests, the majority of the available data point to similar neurocognitive profiles in pediatric bipolar disorder, irrespective of comorbid ADHD.
Therefore, building on prior neurocognitive findings from pediatric and adult bipolar disorder studies (4, 7), we predicted that 1) neurocognitive deficits are found in pediatric bipolar disorder in the domains of attention, working memory, verbal memory, visual memory, executive function, visuospatial perception, and motor skills; 2) unmedicated acutely ill patients would perform worse than 
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Method

Subjects
The study group consisted of three groups of 8-17-year-old subjects matched on age, sex, race, socioeconomic status, intelligence, and word-reading ability. They were 28 healthy comparison subjects, 28 subjects with unmedicated pediatric bipolar disorder, and 28 subjects with medicated euthymic pediatric bipolar disorder. Inclusion criteria for the unmedicated pediatric bipolar disorder group were a Young Mania Rating Scale (28) score of ≥20, bipolar disorder type I, mixed or manic state, with at least 1 week of a drug-free period before neurocognitive testing. Medicated pediatric bipolar disorder patients were euthymic subjects who were responders from a recently completed clinical trial that tested the efficacy of lithium plus risperidone (N=14) versus divalproex plus risperidone (N=14) (28) . Mean risperidone doses in the lithium plus risperidone group and the divalproex sodium plus risperidone group were 0.75 mg/day (SD= 0.75) and 0.70 mg/day (SD=0.67), respectively. The mean dose of divalproex sodium was 925 mg/day (SD=325) (106 µg/dl), and the mean dose of lithium carbonate was 750 mg/day (SD=400) (0.9 meq/liter). At the time of testing, the euthymic pediatric bipolar disorder group had Young Mania Rating Scale scores ≤8 and Children's Depression Rating Scale-Revised (29) scores ≤30. All met DSM-IV criteria for bipolar disorder type I. We included subjects who manifested at least two of the three core symptoms of pediatric bipolar disorder (i.e., elated mood, irritability, and grandiosity). For example, if a subject appeared in an irritable mood without elated mood or grandiosity, he or she was excluded. There were nearly equal numbers of subjects with comorbid ADHD in the two pediatric bipolar disorder groups (Table 1). The healthy comparison subjects were also euthymic, with Young Mania Rating Scale scores ≤8 and Children's Depressive Rating Scale-Revised scores of ≤40. No healthy subject met DSM-IV criteria for a major psychiatric disorder. See Table 1 for a summary of demographic and clinical variables.
Exclusion criteria for the entire group were active substance abuse, serious medical problems, IQ <70 as determined by the Wechsler Abbreviated Scale of Intelligence, or the presence of another DSM-IV axis I diagnosis that required use of any concomitant therapy. This study was approved by the institutional review board at the University of Illinois at Chicago. Verbal or written assent was provided by all children in addition to the written informed consent by the parents.
Clinical and Neurocognitive Evaluation
Each child and at least one of their parents were interviewed by using the Washington University, St. Louis, Mo., Kiddie Schedule for Affective Disorders and Schizophrenia (WASH-U-KSADS) by doctoral-level research clinicians (30) . Clinical information from all available sources was combined to provide a consensus clinical diagnosis. The WASH-U-KSADS interviews, as well as those of the Young Mania Rating Scale and the Children's Depressive Rating Scale-Revised, were completed by trained raters who had no knowledge of cognitive test perfor- ajp.psychiatryonline.org mance. Kappa was at least 0.96 for the total scores on the rating scales.
Intellectual and neuropsychological tests were performed by postdoctoral researchers with joint supervision from a psychologist and a child psychiatrist. The battery consisted of the Wechsler Abbreviated Scale of Intelligence, the Trail Making Tests A and B, the spatial span and digit span subtests from the Wechsler Memory Scale, 3rd ed., and the California Verbal Learning Test-Child Version. The computerized neurocognitive battery was compiled from the University of Pennsylvania Computerized Battery (29) and Cogtest (30) Table 2 . Global neurocognitive function score was estimated by averaging the means of the seven composite scores.
Results
Clinical Features
Mean age at onset was 7.2 years (SD=4) in pediatric bipolar disorder subjects, and duration of illness was 34 months (SD=8), with no significant group differences between medicated and unmedicated subjects with either of these variables (t=1.1, df=53, p>0.05). However, as expected, significant group differences were found on the Young Mania Rating Scale and the Children's Depressive Rating Scale-Revised scores. The medicated pediatric bipolar disorder group showed higher scores than the healthy subjects (t=-9.2, df=38, p<0.0001) but lower scores than the unmedicated pediatric bipolar disorder group on the Young Mania Rating Scale (t=-11.4, df=32, p<0.0001). On the Children's Depressive Rating ScaleRevised, there were no significant differences between the healthy and medicated pediatric bipolar disorder groups. The unmedicated pediatric bipolar disorder group had significantly more depressive symptoms than the medicated pediatric bipolar disorder and the healthy comparison groups (t=5.4, df=82, p<0.0001). The average baseline Young Mania Rating Scale score of currently euthymic subjects before treatment was 29.4 (SD=4.0), which did not differ from the scores of the acutely ill group at the time that group was tested for this study (t= 1.2, df=53, p>0.05). Thus, although the two patient groups differed in symptom severity at the time of testing, they were alike in manic symptom severity when acutely ill. Furthermore, when they were acutely ill, there were 35 (63%) with a manic episode and 21 (37%) with a mixed episode among all pediatric bipolar disorder subjects, with no significant group differences (t=1.3, df=53, p>0.05).
Neurocognitive Comparisons
To maintain experiment-wise type I error rates, our primary statistical analyses involved omnibus testing for overall group differences and group profile differences. Univariate analyses of variance (ANOVAs) were then conducted to compare the groups across each domain. Significant univariate findings were followed by post hoc pairwise group comparisons for individual scores with Tukey corrections. Repeated-measures multivariate analysis of variance (MANOVA) conducted to test for overall group differences and group profile differences showed significant overall group differences in performance across all domains (F=9.21, df=2, 81, p<0.0001). There was also a significant interaction between diagnosis and neurocognitive function (F=2.70, df=12, 154, p=0.002), indicating that the profile of abilities across domains differed across groups. We conducted univariate ANOVA for each domain of the neurocognitive function to clarify the two-way interaction. There were significant differences between subject groups in performance on attention, executive function, working memory, and verbal memory composites but not in visuospatial perception, visual memory, or motor skills. Post hoc analysis with the Tukey procedure revealed that attention, executive function, working memory, and verbal memory were impaired in pediatric bipolar disorder groups with and without medication relative to the healthy subjects. There were no significant differences between the two pediatric bipolar disorder groups on any domain (Table 3 ). In addition, we examined differences in the euthymic group between those maintained with lithium plus risperidone versus those taking divalproex sodium plus risperidone. There were no significant differences between the two treatment groups on any of the neurocognitive domains.
We also examined the relationship between symptoms and neurocognitive function separately in the patient groups. Spearman correlations showed no significant relationship between overall cognitive functioning (based on the global summary score created by averaging domain scores) and Young Mania Rating Scale (r s =-0.19, n.s.) or Children's Depressive Rating Scale-Revised scores (r s =-23, n.s.). In the medicated pediatric bipolar disorder group, a Spearman's correlation between overall neurocognitive function and the Young Mania Rating Scale was -14 (n.s.), and with the Children's Depressive Rating Scale-Revised, it was -0.21 (n.s.).
In secondary analyses, we compared the healthy comparison subjects, the subjects with pediatric bipolar disorder without ADHD, and the subjects with pediatric bipolar disorder with ADHD with the pediatric bipolar disorder patients sorted without regard to medication or illness status (Figure 1 ). There were no significant differences between the two pediatric bipolar disorder groups in the type or
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ajp.psychiatryonline.org amount of medication received. Repeated-measures MANOVAs showed significant differences between subject groups (F=14.64, df=2, 81, p<0.0001). A significant interaction was observed between diagnosis and neurocognitive function (F=2.97, df=12, 154, p<0.0001). Follow-up univariate analysis revealed significant differences between the pediatric bipolar disorder group with ADHD and the group without ADHD, with the comorbid group being significantly more impaired on attention, executive function, and visual memory domains. Working memory and verbal memory composites were significantly impaired in pediatric bipolar disorder groups with and those without ADHD relative to healthy individuals, but there were no differences in the pediatric bipolar disorder subjects with regard to comorbid ADHD status. There were no significant differences across the three groups in motor skills.
To account for the contribution of development in interpreting results, we factored in age as a covariate. Although age was a significant factor (F=58.9, df=1.80, p<0.001), the group differences remain unchanged across the domains.
Discussion
To our knowledge, this is the first study to directly compare the neurocognitive profile of acutely ill unmedicated and medicated euthymic bipolar youth. There are several significant findings from this study. First, the data document neurocognitive deficits in pediatric bipolar disorder in the domains of sustained attention, working memory, verbal memory, and executive function. Second, the impairment in affected domains was present in both the acutely ill and remitted patient groups, suggesting that these deficits persist regardless of the illness state or medication status. A third finding was the significantly greater impairment in attention and executive function in pediatric bipolar disorder subjects with comorbid ADHD compared to those with pediatric bipolar disorder alone.
Consistent with the previous studies of adult (4, 5, 7, 25, 26) and pediatric cases (16) (17) (18) (19) (20) of bipolar disorder, performance on tasks with high cognitive demand, such as executive deficits in shifting attention, processing speed, and problem solving, is affected in our study, suggestive of dorsolateral prefrontal cortex dysfunction. Working memory deficits have also been reported in studies of adults with bipolar disorder (4). Components of working memory have been divided into object identification and object location corresponding selectively to information processing in the ventral stream, involving the ventrolateral prefrontal cortex, and the dorsal stream, involving the dorsolateral prefrontal cortex (31) . The current study, indicating the spatial span task that tests object location, may correspond to the dysfunction in the underlying dorsolateral prefrontal cortex. Deficits in declarative verbal memory were observed in pediatric bipolar disorder subjects, which is similar to findings reported in other pediatric (17, 18, 21) and adult studies (2, 3).
However, unlike Rubinsztein and colleagues (5) in their study of adult bipolar disorder, and as reported by Dickstein and colleagues (16) and Olvera and colleagues (18) in pediatric bipolar disorder, we did not find visuospatial abnormalities in our pediatric group. It may be that visuospatial perception tested with the Penn Computerized Judgment of Line Orientation task is different from the visuospatial abnormalities reported by previous studies. For example, the Spatial Span task on CANTAB that assesses visuospatial working memory is not a measure of simple visuospatial perception (7, 16) . McClure and colleagues (21) examined the visuospatial recall and reconstruction of a standardized figure and reported no significant impairment in subjects with pediatric bipolar disorder. They also tested facial recognition memory, sim- ilar to what was done in the present study, and reported no significant group differences in visuospatial memory, similar to our findings. The fact that there are mixed findings with regard to visuospatial abnormalities in adult (5, 7), as well as pediatric (16, 18, 21) , studies in this domain appears to be largely because of variation in tasks and use of varied terminology across divergent but partially overlapping concepts. One tentative conclusion about this literature is that deficits in visuospatial processing may be restricted, or perhaps more prominent, when complex operations are performed with spatial information beyond the more restricted demands of visual perception.
In adult bipolar disorder, studies assessing the influence of manic or depressive state on neurocognitive performance have yielded mixed results (5, (22) (23) (24) (25) (26) . In the present study, illness status (acutely ill or euthymic) and medication status (lithium plus risperidone versus divalproex sodium plus risperidone) appeared to play a minimal role in influencing the severity and nature of cognitive deficits associated with pediatric bipolar disorder. Based on the findings from studies of bipolar disorder in adults (4), we expected that residual affective symptoms may affect cognitive performance in pediatric bipolar disorder. Therefore, we observed stringent criteria of Young Mania Rating Scale scores of ≤8 and Children's Depressive Rating Scale-Revised scores of ≤40 to minimize the affect of affective symptoms influencing neurocognitive task performance in the euthymic medicated group. Contrary to our third hypothesis that cognitive deficits would be less prominent in the treated euthymic patients, the results did not reveal less significant impairment in euthymic patients. As has been noted in some studies of adults with bipolar disorder, we found impairment in both medicated euthymic and unmedicated ill subjects in comparison to healthy comparison groups in the areas of verbal memory, executive functioning (22) , and sustained attention (3) .
A limitation of this study, however, is the use of two separate cross-sectional groups of medicated and unmedicated patients instead of the more ideal longitudinal follow-up of untreated patients through controlled treatment. Therefore, our findings cannot be conclusive in confirming that medication treatment and illness status have no influence on neurocognitive difficulties in pediatric bipolar disorder. With regard to potential medication effects, the effects of treatment with lithium (32, 33) and anticonvulsants (11) on neurocognitive function in adult bipolar disorder have been variable. Recent evidence indicates that an optimum serum level of lithium, as was the case in our study, is less likely to adversely affect cognition (33) . As to potential risperidone effects, as was previously mentioned, the majority of the evidence points to improved neurocognitive dysfunction with treatment with antipsychotic medications in adult bipolar disorder (11) . But in our pediatric group, treated euthymic patients performed no better than acutely ill unmedicated patients. It is both intriguing and disappointing to note the similar pattern of neurocognitive deficits in unmedicated manic subjects and patients who were medicated and clinically stable. This argues that the poorer performance of the treated patients is not a result of the adverse effects of treatment and that the deficits themselves do not appear to be responsive to state-of-the-art treatment.
In addition to the illness state and medication, comorbid ADHD may potentially influence the neurocognitive profile of pediatric bipolar disorder subjects. Recently, Meyer et al. (20) found that 67% of the adults with bipolar disorder showed deficits on tasks of attention during adolescence before being diagnosed with bipolar disorder. It is indeed unclear if ADHD symptoms are inherent to pediatric bipolar disorder or if they should be construed as a separate comorbid condition (3) . A number of recent studies of pediatric bipolar disorder have reported persistent deficits in attention irrespective of comorbid ADHD (16, 17, 19, 21) . Contrary to our hypothesis and findings from some previous pediatric bipolar disorder studies, we found greater neurocognitive dysfunction in pediatric bipolar disorder subjects with comorbid ADHD. Problems of attention and executive function were the specific domains in which there were greater deficits in the group with both pediatric bipolar disorder and ADHD. It may be that frontostriatal systems involved in ADHD are also affected in pediatric bipolar disorder with ADHD, with consequent impairments in similar attentional subsystems in patients with pediatric bipolar disorder who also meet criteria for ADHD. Furthermore, the prefrontal and mesial temporal lobe circuitry that underlies the working memory and verbal memory may be specifically involved in pediatric bipolar disorder because impairments in these functions were associated with pediatric bipolar disorder irrespective of ADHD status.
Our findings indicating differences among the pediatric bipolar disorder groups with and without ADHD are con- sistent with the results of adult studies (2-5) but stand in contrast to the findings from McClure and colleagues (21) in which subjects with pediatric bipolar disorder without ADHD did not show impairment compared to those with ADHD. However, it is important to note that impairment in a comorbid group cannot be unequivocally attributed to ADHD alone in their group. In view of our results and discordant with those of previous studies, a careful further exploration of underlying functional brain systems in pediatric bipolar disorder, ADHD, and pediatric bipolar disorder plus ADHD is warranted to better delineate overlapping and specific cognitive neural system deficits associated with pediatric bipolar disorder and ADHD. The strengths of this study include a relatively large size in each group, restriction of the group to the diagnosis of bipolar disorder type I, exclusion of children below 8 years of age to minimize the confounding effect of considerable cognitive immaturity of relevant neurocognitive systems in early childhood, and the careful matching of study groups on demographic characteristics, intelligence, and reading ability. This study provides essential data and a framework for understanding the cognitive deficits found in pediatric bipolar disorder that have direct clinical implications. Patients with pediatric bipolar disorder show deficits in a variety of cognitive areas, suggesting that abnormalities are affecting multiple neocortical and cognitive systems. The abilities to sustain and shift attention; to learn, remember, and reproduce verbal information; to exert inhibitory control; and to organize complex responses that are shown to be impaired in this population are critical for success in school. These deficits need to be recognized and incorporated in individual educational plans and school interventions for youth with pediatric bipolar disorder, and they need to be considered a treatment target for interventions in this disorder.
